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I. INTRODUCTION
Interband Cascade Lasers (ICLs) based on type II InAs/ GaInSb quantum wells (QWs) [1] [2] [3] have been successfully used for optical detection of many gases related to environmental protection, medical diagnostics, safety and security, in such applications as for instance human breath analysis 4 or detection of harmful or toxic gases, e.g., formaldehyde 5 or nitric oxide. 6 It has been made possible due to the high sensitivity of such laser-based sensors, originating mostly from unique operational characteristics of ICLs, such as, among others: (i) single mode, continuous wave (cw) and high power operation at room or even elevated temperatures, 7, 8 (ii) broad spectral tunability, 9 (iii) and low threshold currents and small electrical power consumption 10 when compared to the main competitor, which are quantum cascade lasers (QCLs). However, the best ICLs' performances, when regarding the cw mono mode lasing at room temperature, have mostly been obtained for the emission range of about 3-5.5 lm. There have also been reported some attempts at longer wavelengths, but these are limited to multimode pulsed lasers at above 6 lm (Refs. 11 and 12) or low temperature pulsed operation at 7.5 and 10.4 lm, 13, 14 which are usually insufficient for most of the gas detection schemes. Therefore, there is still a strong demand on improvements in the design and performances of the ICLs to extend the spectral range in which they become suitable for gas sensing applications and could compete with the QCLs.
There already exist reports on new concepts to expand the possible ICL emission range, e.g., by replacing the ternary GaInSb valence band well with a quaternary GaInAsSb layer. [15] [16] [17] This approach offers simultaneous reduction of the strain and a shift of the optical transition to longer wavelengths, while preserving a good electron-hole wave functions overlap. However, this prospective solution has been found out to have some technological limitations related to interface quality and nonradiative centers 16 and lasers of that kind have not been demonstrated yet.
In this work, we explore another optimization concept which is based on the use of additional layers in the QW structure in comparison to the standard "W-shape" design. We consider a system of triple InAs layers and double GaInSb layers-see Fig. 1 , which has already been recognized as very useful from the point of view of wider tunability of the ICLs. 9 Hereby, we pay attention to the enhancement of the oscillator strength (OS), potentially beneficial for improvements in the performances of the existing devices or for the extension of the emission wavelength. Shifting the emission into longer wavelengths denotes naturally a decrease in the OS, if keeping the common design and materials. In order to investigate this issue, two pairs of double and triple QWs have been grown on both GaSb and InAs substrates. Their electronic structure has been calculated within the multiband kÁp model and optical spectroscopy in the form of modulated reflectivity has been utilized to probe the optical transition energies and intensities experimentally, and thus to verify the theoretical predictions.
II. EXPERIMENTAL
The investigated structures have been grown on (100) oriented InAs (samples A, B) and GaSb (samples C, D) substrates, in a solid source molecular beam epitaxy system equipped with valved cracker cells for both antimony and arsenic. Two of the type II samples have been designed in the "W-like" shape, consisting of two InAs layers and one GaInSb layer (standard double QW design), and two in the form of a triple QW, i.e., three InAs layers and two GaInSb layers-see Fig. 1 . All the QW details are listed in Table I .
The core part of all the QWs, as indicated in Table I , is always surrounded by 2 nm thick AlSb barriers. In order to enhance the overall optical response, the wells have been repeated five times in all the samples. For the A and B For the samples C and D on GaSb substrate, the active part is similarly constructed, with a difference in the buffer layer being GaSb in this case, and the separating barriers and the cap layer, which are also made of GaSb.
In order to measure photoreflectance (PR) in a wide spectral range, i.e., optical spectra which are sensitive to the transition oscillator strength, 15 we used a setup based on a Fourier-transformed (FT) and vacuumed Bruker Vertex 80v spectrometer operated in a step-or rapid-scan (for fast differential reflectivity measurements 18 ) mode. This is additionally equipped with a reflectance/transmittance unit providing 12 angle for incident probing light, for experiments employing an additional modulated laser beam. Similar FT-based approaches have been demonstrated as very efficient for probing QW transitions in the mid infrared range by several groups. [19] [20] [21] [22] In our case, a liquid-nitrogen cooled MCT (mercury cadmium telluride) photodiode was used as a detector. In this measurement configuration, the pump beam was provided by the 660 nm line of a semiconductor laser diode, which was mechanically chopped at a frequency of 275 Hz. Phase sensitive detection of the optical response was performed using a lock-in amplifier. Further experimental details can be found elsewhere. 21 Figure 1 shows the band diagrams for sample A (left panel) and sample B (right panel), together with the probability densities of the first confined electron state (black curve) and the first confined heavy hole state (red curve). It visualizes the expected increase in the overlap between the electron and hole wave functions when increasing the number of potential wells. The situation looks qualitatively very similar for samples C and D. The overlap integral change translates directly into the change of the optical transition oscillator strength defined as
III. RESULTS AND DISCUSSION
where P if is the bulk momentum matrix element defined basically by the Kane energy, whereas jhF f ðzÞjF i ðzÞij is the so called envelope wave function overlap integral. Figure 2 shows photoreflectance spectra obtained for all the four investigated samples. The red solid line curves represent the result of the fitting procedure assuming the PR line-shape according to the commonly used formula 15, 23, 24 
where n is the number of optical transitions and independent spectral functions used in the fit, C j and # j are the amplitude and phase parameters, E j and C j are the energy and the broadening parameter of the transitions, respectively. The fitting curves are shown as solid red lines together with the moduli of the individual resonances (dashed lines) obtained according to Eq. (3)
First of all, it is visible that the introduction of the additional layers in the QW structure, i.e., expansion into the triple QW system, shifts the fundamental transition energy to the red. Such a behavior is expected when taking into account the effectively wider confinement potential for the carriers. When comparing the spectra of samples A and B, and then samples C and D, energy shifts of 30 meV and 50 meV are obtained, respectively. These translate into wavelength shifts of $1000 nm and $400 nm, respectively. This indicates that such an active region modification can indeed lead to a broader tunability, as already suggested in the recent report, 9 but mainly it shows that such a change makes the tuning of the emission into the longer wavelengths easier, which can be one of the advantages of this kind of modified triple-QWbased active region design. Further, we have used the property of the modulated reflectivity spectra, i.e., probing the intensity of the optical transitions, [25] [26] [27] where the integrated spectral feature intensity corresponds to the transition oscillator strength. The former can directly be obtained as an area under the moduli of the particular spectral lines, i.e., under the dashed curves in Fig. 2 . It should be mentioned here that transition intensities determined in such a way can be compared between the spectra of different samples only if one can assume that the modulation efficiency is approximately the same. This is the case for the samples investigated here: they have similar layer structure and the experimental conditions have been preserved.
For the two pairs of the samples, we have obtained an increase in the PR intensity by about 90% and 80% when changing from the double to the triple QW design (comparing sample A with B and then sample C with D). For further analysis, we assume that the value of P 2 if =ðE f À E i Þ (in Eq. (1)) does not change significantly between various QW samples investigated here. We can also replace the initial and final states with the hole h and electron e states, respectively, and the oscillator strength can be rewritten in the following form:
i.e., considered as proportional to the squared wave functions overlap. Hence, this squared overlap will further be treated as an approximate figure of merit of the transition intensity and will serve as a quantity to be confronted with the experiment. Figure 3 presents the calculated transition energies (panel (a)) and the calculated squared overlap integral of the electron and hole wave functions (panel (b)) as a function of the InAs layer width of the QWs. The calculations have been performed within the eight-band kÁp formalism 28 including the strain effect, with all the methodology similar to that described in one of our previous works. 17 All the material parameters have been taken from Ref. 29 and have been interpolated linearly for the corresponding ternary compounds, except for the band gap. In the case of the band gap determination as a function of alloy composition, we included the respective bowing parameters. 29 Any additional structural effects occurring for heterostructures of this material combination, as e.g., disturbance of the confinement potential due to the existence of a GaAs-like or InSb-like interfaces 30, 31 nor interface intermixing have not been included in the calculations.
Solid lines in Fig. 3 represent the results of calculations for the samples with the standard "W" shape double QW profile, like sample A (black solid curves) and sample C (red solid curves), whereas the dashed lines correspond to the calculations performed for the modified design structures with three InAs layers: sample B-black dashed lines, and sample D-red dashed lines. Star symbols correspond to the energies of the fundamental transitions obtained from the PR measurements (from spectra shown in Fig. 2 ) for all the investigated samples. It is seen that the symbols match the calculated dependencies very well. These results show both theoretically and experimentally that the QW multiplication in such a type II system offers the intrinsic property of shifting the optical transitions to the red, with respect to common W-design QWs. Therefore, this can be a useful solution for longer wavelength emission, as long as the transition oscillator strength can be kept sufficiently large.
When considering the overlap integrals, we can compare the solid curves with the dashed ones to observe the QW design modification. In the entire range of the InAs layer widths, we can see an increase in the squared overlap integral of about 30% and 20% for sample B (comparing to sample A) and sample D (comparing to sample C), respectively. The calculated enhancement of the squared wave functions overlap integral after introducing additional layers in the QW structure (with respect to the standard "W-shaped" QWs) agrees qualitatively with the experimental data reflecting the transition intensities. In spite of the clear and confirmed tendencies observed both in the calculation and in the experiment, the relative numbers concerning the intensities do not agree very exactly. This is however related to some limitations on both the experimental and the theoretical side. In the modulated reflectivity measurements, there always remains a certain inaccuracy related to the proper alignment of the probe and pump beam spots on the surface of the sample, and hence keeping exactly the same photo-modulation efficiency for each sample is difficult. On the other hand, when regarding the calculations, the QW layout is assumed the simplest possible and such issues as the band bending at the interfaces, the interface intermixing nor the existence of any intermediate interfacial layers have not been taken into account.
The insets in Fig. 3 show how both the transition energy and its intensity would change with further increase in the number of wells (layers) in this kind of QW system for the case corresponding to the previously discussed samples C and D. As expected, the dependencies start saturating and although the possible use of a fourfold repetition of the InAs QW can give an improvement in the oscillator strength by several percent, so it is still perhaps worth consideration in the practical realization, further switching into five wells enhances the transition intensity rather negligibly. The dependence on the number of wells in the system looks qualitatively very similar also for samples A and B; therefore, it is not shown in Fig. 3 for clarity.
In order to predict the usefulness of the discussed approach and the OS enhancement on the full laser structure, in which the active region is in an external electric field, simulations taking that effect into account have also been performed. Figure 4 shows the calculated fundamental transition energy (top panel) and the squared wave functions overlap (bottom panel) for the typical "W" QW (solid lines) and the triple design QW (dashed lines) under the external electric field equal to 100 kV/cm (a value characteristic for the ICL devices). The results are plotted as a function of parameter "d," which is the thickness of the one (or two) InAs layers in the case of the double (triple) QW designs. The entire layer structure must be modified accordingly in the electric field in order to compensate its influence, mainly on the oscillator strength. As the electric field bends the structure, the electron and hole probability densities are shifted in the opposite directions, which leads to the overlap reduction (and simultaneous shift of the transition energy). This can be balanced if the structure is made asymmetric. For the common W-shape double QW design, it is sufficient to just change the thickness of one of the InAs layers (the tuned layer thickness is named "d" in Fig. 4) . The situation is much more complex in the case of the triple QW design. First of all, there need to be modified at least two of the three InAs wells to effectively push back the electron probability density and compensate the electric field influence. Second, as the holes are confined in two GaInSb layers now, this must be corrected by changing the thickness of one of these layers as well. Exemplary results of such modifications are shown in Fig. 4 with the dashed lines. The widths of the layers in the triple QW structure are given in the figure. Of course, one could propose other design corrections, but disregarding the details the main conclusion is that it is always possible to maximize the oscillator strength of the transitions in such a multiple type II QW system in the electric field, and that the structure with triple InAs QWs always offers larger values of the OS. Therefore, this also further proves the usefulness of this multiplied QW approach.
It is also worth mentioning that in order to verify preliminarily the effect of the increased number of wells in the active region such a modification has been included in the simulations of the optical field distribution within the waveguide and the resulting confinement factor. The obtained modal overlap with the active region has appeared to be higher for the triple QW design in spite of the slightly wider active region. This is related to the larger refractive index of GaInSb layers, which tends to "concentrate" the optical mode at the core of the structure. Thus, the thicker active region has in fact a positive effect on the confinement of the mode, and therefore, when combined with the larger oscillator strength of the active transitions, the triple QW design can indeed improve at least some of the ICL characteristics.
IV. CONCLUSION
In conclusion, it has been shown that the modification of the standard "W" shape of QWs by introducing additional InAs and GaInSb layers allows enhancing the OS of the type II optical transition and simultaneously red shifts the emission. These properties have been verified experimentally by means of modulation spectroscopy and demonstrated for two types of structures, one grown on a GaSb substrate and designed for shorter wavelength of about 4 lm, but also the second one grown on an InAs substrate, with the emission in the 6-7 lm range. The mentioned benefits have additionally been supported by simulating the effect of the external electric field and imitating the conditions occurring in operational devices. The electric field effect on the wave functions and their overlaps can be compensated with the structure asymmetry, which still allows gaining in the optical transition intensity for the triple QW design. Eventually, we showed that increasing the number of layers in this kind of a type II system can give some improvements yet when four InAs QW layers are considered, whereas a larger number of layers cause the transition energy and oscillator strength to be saturated and almost insensitive to the structure change. Summarizing, we have shown that such a multiplication of the type II QW structure can be a way to develop ICL devices with improved performances and perhaps able to compete with the existing solutions also in the longer wavelength mid-infrared, significantly beyond 5 lm.
